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TRANSVERSE TENSILE AND STRESS RUPTURE PROPERTIES 


OF y/y’-fi DIRECTIONALLY SOLIDIFIED EUTECTIC 

by Hugh R. Gray 
Lewis Research Center 

SUMMARY 

Both tensile and stress rupture properties have been deternuntd 
primarily at 760° C for specimens oriented at various angles (0°, 10°, 

45°, and 90°) from the solidification direction of bars and/'or slabs ot 
the Ni-20Cb-6Cr-2, 5A1 (y/y*-6) eutectic alloy. For baseline stress rup- 
ture data on longitudinally oriented bar and slab material, threaded-head 
specimens yielded longer lives with significantly less scatter than did 
tapered-head specimens. These data suggest the necessity for good speci- 
men alignment during stress rupture testing, particularly at intermediate 
testing temperatures where such a eutectic, and possibly other directional 
materials, have relatively low transverse ductility. 

Miniature specimens are suitable for determining the transverse ten- 
sile and rupture properties of 1. 2 centimeter diameter bar stock of di 
rectionally solidified eutectic alloys. 

Specimens oriented at 10° from the slab solidification direction ex- 
hibited reductions in stress rupture lives corresponding to 4 Larson- Miller 
parameters from longitudinally oriented specimens (300 hour runfire 
stress at 760° C reduced from 740 to 460 MPa). The 300 hour lupiure 
stress at 760° C for slab material oriented at either 45° or 90° was approx- 
imately 230 MPa. 

Tensile tests at 760° C on transversely oriented specimens from 
either bars or slabs indicated strengths approximately 30 percent loivei 
than for longitudinally oriented specimens. Transverse tensile fracture 
strain at 760° C was only about 0. 2 percent, and could not be improved b> 
a selected heat treatment. Transverse tensile strength at 1040° C was 
abou' 60 percent lower than longitudinal tensile strength. Transverse 
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fracture strain at 1040° C was 5 percent, compared with 11 percei.t elcn 
gation for longitudinally oriented specimens. 

INTRODUCTION 

A directionally soliuified gamma/gamma prime-delta eutec tic 

alloy (Nl-20Cb-6Cr-2.5Al-0.06C) has been shown to have cor.siderabit 
potential as a turbine blade material in advanced aircraft gas tuioint en- 
gines. This alloy offers an increase of about 40° C in use temperature 
capability or a 40 percent increase in strength at current air foil operating 
temperatures compared with currently available directionally solidified 
alloys (ref. 1). The higher use-temperature capability would permit an 
Increase in turbine inlet gas temperature over current levels v'lthout ccm- 
promising engine performance with additional cooling air The higher 
strength of the alloy at existing blade metal temperatures would permit 
an increase in rotor speed, which would also contribute to increased en- 
gine performance. 

In addition to these properties, turbine blade alloys must have other 
characteristics, such as cyclic oxidation resistance, thermal fatigue re- 
sistance, and thermal stability. A previous investigation (ret. 2) has 
shown that the y/y’-6 alloy has only marginal oxidation resistance at the 
projected use temperatures under isothermal and cyclic conditions. How- 
ever, protective coatings are being developed to satisfactorily protect the 
alloy (ref. 3). Substantial data have demonstrated that the alloy has ex- 
cellent thermal stability under both isothermal and cyclic conditions (refs. 1 
and 4-7). 

Directionally solidified alloys, such as the y/y’-6 eutectic, possess 
highly anisotropic mechanical properties due to the very nature of the 
directional solidification process. In particular, off-axis properties such 
as shear strength, transverse strength and transverse ductility are of 
particular importance because they may be design limiting for advanced 
hollow blade applications Specifically, shear properties may influence 
root designs, while transverse tensile and rupture strength and ductility 
may determine airfoil thermal fatigue lives and root tooth bending capa- 
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bllities. Improvements in these properties have been obtained reier.»l> 
by optimizing the microstructure and composiuun. A fully lamejiar micic 
structure was found to be preferable to the orig.nai, pait.ally ceiiu.ar 
microstructure, and the addition of 0,06 weight percent carbon further 
improved properties (ref. 1). The adequacy of these impn^ved off-axis 
properties for advanced hollow turbine blades is currently being evaluated 
(ref. 8). 

The purposes of this investigation were: fast, to evaluate a prtvious 
hypothesis (refs. 4 and 9) that the tapered-head specimen design was re- 
sponsible for the observed scatter in h ngitudinal stress rupture lives; 
second, to provide a baseline specimen design and testing procedure for 
determining the transverse mechanicii properties of 1. 2 centimeter diam 
eter bar stock of directionally solidilied eutectics, and third, to determine 
baseline off-axis properties of the y/>‘ 6 eutectic for compaitson witn 
subsequent investigations of the off-axis mechanical preperties of advanced 
eutectics. To accomplish the first purpose, rupture tests of both tapered- 
head and threaded-head specimens were conducted and evaluated. To 
accomplish the second purpose, rupture and tensile tests on both standard 
size and mimature size threaded specimens were perfor med. To accom- 
plish the third purpose, the rupture and or tensiie properties cf the >/ V '-6 
eutectic alloy were determined at angles cl 10°, 45°, and 90° to the direc- 
tion of solidification. The alloy used thr<.>ughout this investigaiicn was the 
y/y'-fi eutectic with the nominal composuicn Ni-20Cb-6Cr-2. 5AI. 

MATERIAL, SPECIMENS, AND PROCEDURE 

Material 

The gamma gamma prime-delta (y/r'-6) eutectiC alky used thn ogh- 
out this investigation was produced by United Technologies Corporation 
(UTC). The alloy had a nominal compjii ion by weight of nick»-l-20 
columbium-6 chromium-2.5 aluminum (d*d nci contain carbtn, as per 
ref. 1). 
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I^a r stock . - Bar stock was directionally solidified at a rate of either 
3 or 4 centimeters per hour in a modified water-quench Bridgman furnace 
having a thermal gradient of at least 300^ C per centimeter (ref. 1). Each 
heat resulted in a casting approximately 20 centimeters in length and 
1. 2 centimeters in diameter. The castings were then cut into two bars 
approximately 7.5 centimeters long. Specimens are identified in tables I 
to III by heat number (A74-xxx and A75-xxx) and bar location, with the 
bottom bar from each casting identified as *’01" and the top bar as "02". 

Metallographic screening of a transverse section of all bars by UTC 
assured a minimum of 75-volume-percent aligned lamellar structure. The 
microstructure which is ty|)ical of material produced under these conditions 
is shown in figure 1. A longitudinal flat was ground on each bar and macro- 
etched by UTC to also assure aligned structures. All bars wero inspected 
at NASA by both dye penetrant and x-ray techniques to determ * soundness. 

Slab stock . - Slab stock was directionally solidified at a rate of either 
0. 63 or 1.2 centimeters per hour in a modified Bridgman furnace with a 
thermal gradient on the order of 100° C per centimeter (ref. 1). Each 
heat resulted in a casting approximately 0. 8 centimeter in thickness, 8 cen- 
timeters in width, and 20 centimeters in length. 

A longitudinal flat was ground on the edge of these slabs and macro- 
etched by UTC to assure aligned structures. Typical transverse micro- 
structures of specimens machined from one of the slabs grown at 1. 2 cen- 
timeters per hour are shown in figure 2. This microstructure is typical 
of that expected to be produced under these growth conditions (ref. 1). 

Both the lamellar spacing and grain size are substantially larger than in 
the bar stock, as expected from the lower gradient furnace and reduced 
growth speed (ref. 1). 


Specimens 

All of the specimen types used in this investigation are shown in 
figure 3. Machined specimens were always inspected by both dye pene- 
trant and x-ray techniques to ensure soundnes.s. 

Bar stock . - Both the threaded-head (fig. 3(a)) and tapered-head 
(fig. 3(b)) specimen designs were machined from bar stock in the longitudi- 
nal orientation, parallel to the solidification direction. Miniature, threaded- 
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head specimens (fit'. 3(e)) were machined from bars in the transverse 
orientation, as shown in figure 4(a), 

Sia b stock . - Both the threaded*head (fig. 3(d>i and tapeted fiead 
(fig. 3(c)) specimens were machined from the slab stock in the longitud. 
nal orientation, as shown in figure 4(b). Threaded specimens (fig, 3(d)) 
were also cut from the slabs at angles of 10®, 45®, and 90® to the soiid.fi> 
cation direction, as shown in figure 4(b). In addition miniature threaded 
specimens (fig. 3(e)) were also machined from slabs transversely tc the 
solidification direction. 


Test Procedure 

Stress rupture tests were performed over the temperature range 760® 
to 1040® C at stresses of 760 to 150 MPa. All tests were performed in 
air. Results are listed in tables I and II. Stress rupture elongations v tre 
determined by measuring the total length of the fractured specimen. Then 
elongation was calculated by assuming that deformation occurred only over 
the specimen gage length. 

Tensile tests were conducted primarily at 760® C, plus a few tests 
at 1040® C. Tensile tests were done in air at a crosshead speed of 0. 05 
centimeter per minute. Transverse tensile fracture strain was determined 
from sit ip chart load- displacement curves, as shown in figure 5. Ail ten 
sile te.‘:t results are listed in table ni. 

RESULTS AND DISCUSSION 
Stress Rupture Scatter 

As discussed in reference 4, a significant amount of scatter was Lb> 
served in loi;gitudinal rupture lives of y/y'-6 with lapered-head speci- 
mens, particularly in the temperature range 670® to 870® C. Specifically, 
at 760® C and a stress of 690 MPa, rupture lives for six specimens ranged 
from 14 to 2012 hours (Larson- Miller parameters 39.3 to 43. 4>. It was 
postulated (ref. 9) that such scatter could be due to improper seating of 
the tapered-head specimen in the mating grip assemblies. The observa- 
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tlons reported in reference 4 of specimens occasionally exhibiting partial 
shearing of heads support this hypothesis. Improper seating of the speci- 
men head could result in a bending moment on one side of the specimen gage 
section with bending stresses in excess of the 10 percent maximum typically 
specified (ASTM E21-70) in stress rupture testing of superalloys. For ex- 
ample, a bending stress of 15 percent greater than the applied stress could 
result in a reduction in rupture life equivalent to 2-3 Larson- Miller param- 
eters at temperatures near 760° C, particularly for a material which has 
relatively low transverse ductility, such as this y/y’-6 eutectic. 

In order to evaluate this postulate, both tapered-head and threaded-head 
specimens from bars and slabs (longitudinal orientation) were tested in 
stress rupture under identical conditions. These results are shown in 
figure 6, with the scatter band representing the previously reported data 
obtained with tapered-head specimens (ref. 4). 

From the rupture data shown in figure 6(a) and table I, it is immedi- 
ately apparent that: 

1. Threaded specimens taken from bar stock exhibited good repro- 
ducibility (r’lpture times) over the entire temperature range 760° to 1040° C. 

2. Lives for threaded specimens taken from bar stock are equivalent 
to the longest lives obtained with the tapered-head specimens. 

3. Lives for threaded specimens were substantially greater than for 
tapered-head specimens machined from the same slab and then tested 
under idenl’cal stress rupture conditions. 

4. Bar slock with finer lamellar spacing and grain size exhibited longer 
rupture life than did slab stock with coarser lamellar spacing and grain 
size (see also ref. 1). 

Although most of the bar stock tested in this investigation had been 
grown at 4 centimeters per hour, rather than the 3 centimeters per hour 
of reference 4, the eight tests performed at 760° C and 760 MPa demon- 
strated th: t the rupture lives and ductility of material grown at either speed 
are essentially equivalent (see data in table I). 

From the rupture elongation data presented in figure 6(b) and table I. 
it also appears that threaded specimens exhibited greater average elonga- 
tion to rupture than did tapered-head specimens machined from bar stock. 
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This effect (6 percent compared with 3 percent elongation) was particularly 
evident at the lowest test temperature, 760° C, where Improved axial align- 
ment might be expected to Increase the rupture elongation of a relatively 
brittle material. 


Off-Axis Mechanical Properties 

Stress rupture properties . - The influence of specimen orientation on 
stress rupture properties was examined by testing specimens that had been 
machined from barj and/or slabs at specific angles of 10°, 45°, and 90° 
to the solidification direction of the castings. Rupture lives determined 
at 760° C are plotted both in the conventional Larson- Miller manner, fig- 
ure 7(a), and as stress required for rupture in 300 hours, figure 7(b). 

The following observations can be made from these test data determined at 
760° C: 

1. Specimens oriented at 10° from the slab solidification direction 
had rupture lives about 4 parameters lower than did longitudinally ori- 
ented specimens (300 hour rupture stress reduced from 740 to 460 MPa). 

2. The 300 hour rupture stress for slab specimens oriented at either 
45° or 90° was approximately 230 MPa. 

3. Equivalent results were obtained ur both standard size and minia- 
ture size specimens oriented at 90° to the slab solidification direction. 

4. The 300 hour rupture stress for miniature b specimens oriented 
at 90° was approximately 255 MPa, once again subs .ntiatlng previous 
observations (fig. 6 and ref. 1) that material with finer lamellar spacing 
and finer grain size has superior rupture properties. 

5. The rupture lives of these transversely oriented, miniature 
specimens machined from partially cellular bars and tested in air are 
approximately equal to lives obtained on transversely oriented, standard 
size specimens machined from fully lamellar slabs and then tested in a 
coated condition (ref. 1). 

Tensile proper ties. - Both the tensile strength and elongation (frac- 
ture strain) were determined at 760° C for bar and slab specimens and at 
1040° C for a few bar specimens, in both longitudinal and transverse 
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orientations, see figure 8 and table III. The following results were ob- 
tained' 

1. Average tensile strengths ul transversely oriented specimens from 
bars and slabs at 760° C were approAimateiy 30 percent lower than strengths 
of longitudinally oriented specimens, 

2. Equivalent strengths at 760° C were obtained for both standard size 
and miniature size specimens oriented at 90° to the slab solidification 
direction, 

3. Tensile fracture strain at 760° C for transversely oriented speci- 
mens from bars and slabs was apprcxlmatei> 0. 2 percent, as compared 
with 12 to 14 percent elongation for lor>gitudinaily oriented specimens. 

4. Tensile strengths of transversely oriented specimens at 1040° C 
were approximately 60 percent lower than strengths of longitudinally 
oriented specimens. 

5. Tensile fracture strain at 1040° C for transverse specimens was 
about 5 percent, compared to 11 percent elongation determined for longi- 
tudinal specimens. 

Metallography . - Typical fracture profiles of stresc rupture speci- 
mens oriented at 10°, 45°, and 90° to the solidification direction are ohown 
in figure 9. Failures appeared to be primarily intergranular, as noted 
previously (ref. 1). It should also be noted from figure 9(a) and (b) that 
preferential oxidation of the delta lamellae occurred during rupture testing 
at 760° C. This effect has been reported previously (refs. 1 to 3), but it 
is interesting to note that there does not appear to be any significant effect 
on rupture lives. Ao discussed in connection with figure 7, the rupture 
lives obtained in this investigation with miniature (large surface to volume 
ratio) specimens tested in air are essentially equivalent to the results ob- 
tained with larger specimens tested with a prctective coating (ref, 1). 

A large number of transversely oriented specimens taken from slab 
E455 (see tables II and III) were tested in this investigation and failed 
during set-up, at low tensile loads, or during stress-rupture loading. 

For those specimens that survived testing, significant scatter was observed 
in strength, ductility or life. An extensive metallographic evaluation of 
specimens machined from this fully lamellar slab revealed that large, pri- 
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mary delta lamellae existed In many of the specimens, see ligare 10. 

Some of these delta lamellae traversed the entire iiH cmwn dum* 
eter and presumably were respunnibie for m^ny ul tht- f.tu- 

ures (see also ref. 1). 

Limited stress rupture data at 760° C Indicates that iully Umeliar 
material, free of primary delta lamellae, does not have a rapture ,tfe 
superior to that of partially cellular material, in contrast to pievicasly 
reported results (ref. 1). However, two transverse tensile tests < n fully 
lamellar material, free of primary delta lamellae, did indicate average 
fracture strains at 760° C of 0.40 percent, while the delta ccntdining tutec 
tic had 0. 12 percent and the partially cellular bar material had 0. Id percent 
(see table III). 

Ef fect of heat treatment . - A previous investigation (ref. 9/ has sh(un 
that pariial solutioning at 1210° C and aging at 900° C resulted in improved 
longitudinal lives and reduced scatter in the temperature range 760° to 
870° C, even when using tapered-head specimens (as in ref. 4). It uas 
suggested that such Improvements may be indicative of improved trans- 
verse ductility and, hence, the ability of the material to withstand slight 
axial misalignments. Such an improvement in transverse tensile strain 
was indeed confirmed in another investigation with fully iameli«tr y/ , -b 
eutectic material (ref. 1). Specifically, at 760° C the transverse strain 
to fracture was increased from 0.33 percent U 0.58 percent by htat treat 
ing at 1155° C for 4 hours followed by 900° C for 24 hours 

However, no significant effect of heat treating was determined in this 
current investigation when partially cellular bar material was heat treated 
and tensile tested at 760° C. For example, the average transverse tensiie 
fracture strain was 0. 25 percent, as compared with 0. 19 percent for as- 
cast bar material (see table III). Perhaps such heat treating effects are 
more pronounced with fully lamellar eutectic, as demonstrated in the re 
search of reference 1. 

Metallographic examination of selected transverse ^ensile specimens 
revealed significant differences in fracture mode. As shown in figure 11, 
as-cast eutectic alloy exhibits a brittle, interlameliar and intergranular 
shear failure when tested in the transverse orientation. In contrast, the 
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heat'treated Hpecimen which exhibited the largest amount of Iractun 
strain at 760° C (0. 50 percent) had a signiflcarttly different Iractuie inode, 
see figure 12. Specifically, several indications of secondary cr«cKiitg 
were evident on the fracture surface, as well as large areas with dimple 
like features, similar to features normally observed on fracture surfaces 
of ductile alloys. Additional optical metallography failed to reveal an> 
microstructurai differences between the as-cast and heat treated sped 
mens except for coarsened gamma prime and precipitated Widmanstatten 
delta, both observed in the heat treated material of this Investigation and 
that of several other investigations (ref. 1, 2, 4 tc 7, and 9;. 

CONCLUDING REMARKS 

All three objectives of this investigation were fulfilled; first, threaded 
head specimens were shown to give substantially more reproducible stiess 
rupture results than tapered-head specimens, and are recommended lf>r 
future testing of directional materials, particularly those with relatively 
low transverse ductility; second, miniatuie test specimens machined 
from 1. 2 centimeter diameter bar stock are suitable for determining the 
transverse tensile and stress rupture properties of directionally so.idiled 
alloys; and third, the off-axis tensile and stress rupture properties of 
>/ V '-6 were determined and are now available as a baseline Icr compart 
son with the off-axis properties of advanced directionally solidified eutec- 
tics of subsequent investigations. 

In the course of this investigation several microstructurai features 
were qualitlatlvely confirmed as significantly influencing the mechanical 
properties of the eutectic. For example, volume percent lamellar 

structure, volume percent primary delta lamellae, lamellar spacing, and 
eutectic ’’grain size” are important microstructurai features. 

SUMMARY OF RESULTS 

The purposes of this investigation were: first, to evaluate a previc»us 
hypothesis that the tapered-head specimen design was responsiblt lui ihe 
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observed scatter In lonKitudinal stress rupture lives; second, tc piovidt 
a baseline specimen design and testing procedu*’e fur determinir 4 t the 
transverse mechanical properties of 1.2 centimeter diameter b^r siocs 
of directio-ially solidified eutectics; and third, to determine the olt<axis 
mechanical properties of the y/y'-fl eutectic to serve as (he baseline lor 
subsequent investigations of advanced directionally solidified eutectics. 

Both tapered-head and threaded>head specimens were stress ruptuie 
tested in the longitudinal orientation over the temperature range 76j^ to 
1040° C. Standard size and miniature size threaded specimens were 
machined from bars and/or slabs at angles of 0°, 10°, 45°, and 90° to 
the solidification direction. These specimens were than tested in stress 
rupture and tension, primarily at 760° C, but also with a few tests <*t 
1040° C. The following results were obtained; 

1. Threaded specimens exhibited longer stress rupture lives Uith 
significantly ’ ■ " scatter than did tapered-head specimens over the urn 
perature ra.f^e To0° to 1040° C for longitudinally oriented bar and siab 
material. 

2. Miniature specimens yielded both stress rupture and tensile re 
suits equivalent to those obtained with standard size specimens. 

3. Specimens oriented at 10° from the slab solidification direction 
had rupture lives at 760° C corresponding to 4 I,arson Miiltr parauifters 
kwer than longitudinally oriented specimens (300 hour rupture sir ess rt 
juced from 740 to 460 MPa). 

4. The 300 hour rupture stress for slab material oriented at eitner 
45° or 90° was approximately 230 MPa, while the 300 hour rupture stress 
for miniature specimens from bar material oriented at 90° was appn xi 
mately 255 MPa. 

5. Transverse tensile strengths at 760° C were approximately 3u per 
cent lower than longitudinal tensile strengths. Transverse fructun sir.»ii.s 
were about 0. 2 percent and were not improved by a selected heat treat- 
ment. 

6. Transverse tensilo strengths at 1040° C were approximately 

60 percent lower than longitudinal tensile strengths. Transverse tractare 
strains were approximately 5 percent, compared with 11 percent eiongatici. 
for longitudinally oriented specimens. 
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TABLE I. - STRESS RUPTURE RESULTS OF y/v’-C BAR STOCK 


Specimen 

Growth Temper- 
speed, ature, 

j cm/hr °C 

Stress Life, 

hr 

MPa KSI 

.. . A : 1 

Reduction 
of area, 
percent 

1 

ntatlon 

Elonga- 

tion, 

percent 

Large threaded specimens, fig. 3(a), 0° orie 
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9 
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7 

7 
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6 

6 

969-01 




690 100 2376 

9 

6 
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7 

5 
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12 
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12 

8 
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1 2564 

14 

11 
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1 
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1 2232 

13 

6 
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9 

4 
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19 

8 

1073-01 
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16 

12 
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17 

12 
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Miniature thieaded specimens, fig. 3(e), 90° orientation 
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page blank not fuji® 


2. 5 
3 
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Figiie 1 Typical transverse micrnstructiies o( Par stock 
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Figure I • SpKimtrni used In this in«tstlg<tlon end ref. 4. 
IDIntenslons are In cm. I 
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Fi9urel - SpKimcn stock and orienUtion. 
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(B)45“otientation 


(a) 10° orientation 


(c) 90® orientation 


Figure 9 • Pnotomicrograptrs of fractured E306 slab stress rupture 
specimens 







(a) F<5S 1. 0 63 cm tw. ^60^C. UTS- 620"P.i 



(b) E45b-3. 0 63 cm l«. 76a«C 260 MPa 36 ms 
Figure 10. • Pnolomicrograpns of E455 transverse specimens. 
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